www.krcp-ksn.org diagnosis of hereditary diseases. However, given the large genetic heterogeneity of SRNS, using Sanger sequencing entails significant cost and effort, unless a single or few disease-relevant genes can be identified clinically. However, recent advances in next-generation sequencing (NGS) have provided a revolutionary new approach for genetic diagnosis in terms of cost and effectiveness by allowing a panel of candidate genes or whole genes to be sequenced simultaneously. Mutations have been detected in approximately 30% of childhood-onset SRNS cases, according to large-cohort studies using NGS (Table  1) [2] [3] [4] [5] [6] [7] . Thus, clinicians must select the best diagnostic tool for patients with a suspected genetic disorder.
This review gives an update on recent advances in genetic studies, provides a suggested approach for genetic testing, and describes the potential translation of genetic information into clinical diagnosis and treatment in pediatric patients with SRNS.
Genotype-phenotype correlations in monogenic SRNS
Currently, in the Online Mendelian Inheritance in Man database (OMIM, https://www.ncbi.nlm.nih.gov/ omim), 21 genes are listed under the category of nephrotic syndrome (NPHS1-21) and nine genes are listed under the FSGS category (FSGS1-9) ( Table 2 ). These genes are expressed either exclusively or predominantly by podocytes. Most diseases within the category of NPHS have an autosomal recessive mode of inheritance, high penetrance, and earlier disease onset. Conversely, most diseases within the category of FSGS have an autosomal dominant mode of inheritance, incomplete penetrance, and later disease onset. In addition, many other genes are listed as causative genes for isolated or syndromic forms of SRNS or FSGS ( Table 3) .
Age of onset
The likelihood of detecting a causative mutation is inversely related to the age of disease onset in patients with SRNS. In one large-cohort study [3] , the mutational detection rate in patients with disease onset within the first 3 months of life (congenital nephrotic syndrome) and at age 4 to 12 months (infantile nephrotic syndrome) was 69.4% and 49.7%, respectively (61.3% in the first year combined). This fraction decreased to 25.3% at age 1 to 6 years, 17.8% at age 7 to 12 years, and 10.8% at age 13 to 18 years.
The major disease-causing genes for congenital nephrotic syndrome are NPHS1, NPHS2, WT1, and LAMB2, which account for 85% of patients in a European study and 93% in a Korean study [8, 9] . PLCE1 is another gene that is often mutated in early-onset SRNS and is typically associated with histological lesions of diffuse mesangial sclerosis (DMS) [10] . www.krcp-ksn.org NPHS2, which encodes podocin, is the gene most commonly mutated in patients with disease onset between 4 months and 18 years in most Western countries [2, 3, 11] . However, the rate of NPHS2 mutation as a cause for SRNS is rare in certain ethnic groups, including Korean, Chinese, and Japanese populations [6, 12, 13] . WT1 is also commonly mutated, accounting for approximately 6% of sporadic SRNS cases in childhood [12, 14, 15] . WT1 mutations can manifest at any age as either isolated or syndromic forms of SRNS [12, 14] . One study found that mutations in WT1 show a biphasic distribution, with a large peak at 4 to 12 months age at onset and a second smaller peak beyond 18 years [3] .
While most autosomal recessive SRNS cases manifest in early childhood, autosomal dominant SRNS typically present in adolescence or adulthood. The major dominant genes that manifest in late-onset SRNS include ACTN4, TRPC6, and INF2 [3] . In a study of adult patients with FSGS [16] , the overall rate of genetic diagnosis was 11%, including 55% of the total detected with mutations in COL4A3-5, 40% in podocyte genes, and 5% in congenital anomalies of the kidney and urinary tract genes. 
Renal pathology
Although most pediatric patients with SRNS display lesions of FSGS, other types of lesions may also be involved, such as minimal change lesions, mesangial proliferative glomerulonephritis, and DMS [5] .
In a report from the SRNS Study Group [3] , renal biopsy patterns were found to differ according to age group; DMS was a frequent finding (26.9%) in infants, whereas FSGS was seen in more than 90% of individuals with the onset of proteinuria at 7 to 25 years. In addition, in individuals with mutations in genes (WT1, PLCE1, LAMB2, and NPHS1) mostly detected in patients with earlier onset, DMS was frequent (23.1%, 17.8%, 13.6%, and 4.9% re- www.krcp-ksn.org spectively), whereas mutations in other genes commonly detected in patients with later onset never led to DMS. These findings suggest that DMS, lying on the opposite side of FSGS on a spectrum of shared pathogenesis, represents a developmental glomerular phenotype of immature glomeruli [3, 17] . Interestingly, some patients with primary coenzyme Q10 deficiency (COQ2 or COQ6 mutations) show collapsing glomerulopathy [18] [19] [20] .
Syndromic SRNS
Several different syndromic SRNS with typical extrarenal manifestations have been reported ( Table 3 ). These diseases are typically due to mutations in genes that encode nuclear proteins/transcription factors (WT1, LMX1B, SMARCAL1, PAX2, LMNA, MAFB, and WDR73), glomerular basement membrane and adhesion proteins (LAMB2, ITGA3, and ITGB4), actin cytoskeleton components (MYH9 and INF2), lysosomal (SCARB2) proteins, and mitochondrial proteins (COQ2, COQ6, and PDSS2), but not slit diaphragm-associated proteins (NPHS1, NPHS2, PLCE1, and TRPC6) [21] .
If a patient shows typical extrarenal manifestations, it is highly likely that the disease-relevant gene mutation will be identified. However, a significant fraction of patients with mutations in syndromic genes either do not manifest or manifest only mild or ambiguous extrarenal phenotypes. Thus, the absence of typical extrarenal manifestations does not guarantee an absence of syndromic gene mutations.
Mutations in at least eight genes (PDSS1, PDSS2, COQ2, COQ4, COQ6, COQ8A, COQ8B, and COQ9) have been reported to cause primary coenzyme Q10 deficiency in humans [22] , and mutations in four of those genes can cause renal phenotypes, either syndromic SRNS (PDSS2, COQ2, and COQ6) [20, 23, 24] or isolated SRNS (COQ8B) [25] . Early and accurate diagnosis of primary coenzyme Q10 deficiency is vital because starting high-dose coenzyme Q10 supplementation at an early stage can result in remission or amelioration of proteinuria at least [23, 25, 26] .
Ethnic differences
Similar to most genetic disorders, hereditary SRNS shows ethnic differences. Compared to other ethnicities, the most striking feature within the Korean populations is a very low prevalence of NPHS2 mutations [12] . This finding is also common in Chinese and Japanese populations [6, 13] . On the other hand, mutations in NUP107, COQ8B, and COQ6 are relatively more common in Korea [19, 27, 28] .
Benefits of genetic testing
Patients with a rare disease often face a difficult journey to diagnosis, commonly termed a 'diagnostic odyssey' , which includes moving from clinician to clinician, multiple misdiagnoses, unnecessary tests, and incorrect treatment. An early genetic diagnosis may thus help to avoid this diagnostic odyssey [29] . Accurate genetic diagnosis in patients with SRNS can also be beneficial in several other ways. First, genetic diagnosis is essential for genetic counseling. Second, detection of certain mutations enables prediction and further screening of renal and extrarenal comorbidities that may have otherwise taken longer to diagnose, i.e. 'reverse phenotyping' . Early detection and disease monitoring of certain extrarenal phenotypes may help to address the potential of serious complications, such as the development of Wilms' tumor or gonadoblastoma in patients with WT1 mutations [14, 30] . Third, genetic diagnosis affects the future treatment plan. Almost all genetic forms of SRNS do not respond to conventional steroids or immunosuppressants, therefore an accurate genetic diagnosis could make it possible to avoid such unnecessary and potentially harmful treatments. In addition, genetic testing can detect rare mutations that may be amenable to treatment such as mutations in the coenzyme Q10 biosynthesis pathway [23, 25, 26] . Finally, in patients preparing for a kidney transplant, the likelihood of posttransplant recurrence of FSGS can be predicted to be very low by the presence of genetic mutations [5, 11, 31] . However, it is known that the recurrence rate of proteinuria/nephrotic syndrome in a graft kidney is about 30% in patients homozygous for the Fin-major mutation in NPHS1, and approximately 70% of them have measurable anti-nephrin antibodies [32] . The Fin-major mutation in NPHS1 has never been reported in the Korean population. In addition, in patients with autosomal dominant mutations, family member kidney donor candidates should also undergo genetic testwww.krcp-ksn.org ing because they could be harboring a disease-causing mutation despite being clinically asymptomatic, due to low penetrance of the mutated genes. These individuals could go on to develop clinical symptoms after kidney donation.
Indications for genetic testing
In clinical practice, a kidney biopsy is recommended for pediatric patients with nephrotic syndrome who do not respond to initial steroid treatment in order to achieve a pathological diagnosis and create an effective future treatment plan. A genetic diagnosis may provide a more clear-cut assessment of the disorder than a pathological diagnosis. Therefore, whenever accessible and affordable, genetic testing should be performed in conjunction with, or even instead of, a kidney biopsy in all pediatric SRNS patients. However, when such an inclusive approach is not possible, genetic testing should be performed as a priority on the basis of certain indications to stratify the likelihood of a genetic cause, after considering cost-effectiveness [20] .
Although genetic testing is recommended for all pediatric patients with SRNS, it is frequently performed in clinical practice in those patients with 1) early age at onset, especially congenital (< 3 months of age) or infantile (4 month to 1 year of age) onset, 2) a family history of SRNS or consanguinity, 3) presence of typical extrarenal manifestations of syndromic diseases, 4) lack of response to multiple drugs, 5) progression to chronic kidney disease or ESRD, and 6) preoperative evaluation for kidney transplantation.
Modality of genetic testing
The modality of genetic testing is changing rapidly as a consequence of rapid advances in NGS. In addition to traditional Sanger sequencing, three NGS approaches for genetic diagnosis are now available in the clinical setting: 1) gene panels, 2) whole-exome sequencing (WES), and 3) whole-genome sequencing (WGS).
Sanger sequencing
Although there has been a rapid increase in the use of NGS, Sanger sequencing is still regarded as the gold stan-dard, providing high specificity and sensitivity for genetic diagnosis. Sanger sequencing can be used very effectively with a single or few candidate genes, especially small-size genes, which are identified by genotype-phenotype correlation data. For example, mutational screening for four candidate genes (NPHS1, NPHS2, WT1, and LAMB2) will provide a genetic diagnosis in more than 85% of congenital nephrotic syndrome cases [8, 9] . As another example, in ethnic groups with a higher prevalence of NPHS2 mutations, the sum of mutations in three common diseasecausing genes (NPHS1, NPHS2, and WT1) account for over 70% of total mutations detected in pediatric patients with SRNS [3, 5, 33] . Given that NPHS1 mutations are predominantly associated with early-onset SRNS, pediatric patients with late-onset SRNS should be screened for NPHS2 (the entire coding sequence of 8 exons) and WT1 (exons 8 and 9, the hot spots for mutations) [34] . However, such recommendations cannot be applied in Korea, due to the very low prevalence of NPHS2 mutations [12] . Disease-relevant genes may also be suspected clinically in patients who present with a typical extrarenal phenotype associated with a syndromic form of SRNS (Table 3 ).
In addition, Sanger sequencing can be used to confirm variants detected by NGS and can complement NGS by filling in low-coverage and no-coverage regions due to sequence homology with pseudogenes, high guaninecytosine (GC)-rich content, highly repetitive regions, and other sequence complexities [35] .
Gene panel testing
SRNS is a highly heterogeneous disorder, with more than 60 known disease-causing genes. When a clinical evaluation of a patient with SRNS cannot elicit either a single or a few disease-relevant genes, gene-by-gene Sanger sequencing can be replaced by gene panel analysis, where all protein-coding exons of multiple candidate genes are tested simultaneously using high-throughput polymerase chain reaction amplification and sequencing approaches. The gene panel can be designed specifically as an indication-driven test by including genes known to be associated with a certain phenotype or disease group, such as SRNS or proteinuria. Gene panel analysis is currently considered the most cost-effective approach for indication-driven mutation analysis [36] .
Gene panel testing can also be used to analyze genes, www.krcp-ksn.org which are too large for Sanger sequencing, such as the COL4A3-5 genes that cause Alport syndrome. Importantly, mutations in syndromic genes are observed in a significant fraction of patients with no or mild/atypical extrarenal phenotypes. In these cases, the suspected underlying genetic syndrome cannot be identified clinically, but gene panel testing is able to detect the diseasecausing mutations. Compared to WES or WGS, the advantages of gene panel testing include lower cost, overall higher exon coverage, no incidental findings in genes unrelated to the disease of interest, and detection of fewer variants of unknown significance. However, to achieve 100% coverage, Sanger fill-in and/or complementary assays such as targeted gene arrays to detect deletions/duplications are required. The disadvantages of gene panel testing include rapidly outdated gene panels due to the continuous discovery of novel disease-causing genes, and the existence of novel or phenocopy genes that will not be included in the panel and therefore will not be detected. A phenocopy is defined as "a phenotypic trait or disease that resembles the trait expressed by a particular genotype, but in an individual who is not a carrier of that genotype" [37] . For example, patients with hereditary renal diseases not belonging to SRNS, such as Alport syndrome, Dent disease, renal-coloboma syndrome, and Fabry disease, can manifest proteinuria or SRNS as the only evident clinical sign at disease onset or even later [16, [38] [39] [40] [41] . These cases are often misdiagnosed as isolated SRNS, but gene panel testing for SRNS reveals a negative result. Such conditions are referred to as phenocopies of hereditary SRNS [42] .
Whole-exome sequencing
WES refers to the sequencing of the entire exome, i.e., sequencing of all protein-coding regions that make up 1% to 2% of the whole genome. With continual reductions in sequencing cost and the development of bioinformatics, WES has become a more efficient and unbiased approach to genetic diagnosis than gene panel testing. Because WES covers not only known candidate genes but also whole genes, it can identify novel disease-causing genes and thus expand the genetic heterogeneity of SRNS.
A current limitation in the clinical application of WES is that it cannot offer complete coverage of all exons, which results in the dropout of several critical exons. For instance, certain genomic regions, which have sequence homology with pseudogenes, high GC-rich content, highly repetitive regions, and other sequence complexities, are difficult to amplify, and analyzing such regions may give false-negative or false-positive results. Although the complementary Sanger fill-in of these genomic regions refractory to NGS confers high clinical sensitivity and specificity on gene panel testing, practically, such fill-in is not feasible for WES because the proportion of problematic regions increases significantly when a huge region is targeted (62 Mb; 1% to 2% of the whole genome) [36] . Another limitation that hinders the widespread application of WES is the generation of large amounts of data and insufficient bioinformatics support to manage the data. To overcome these limitations, filtering the exome information via analysis of an in silico panel of genes associated with the disease of interest will give similar results to gene panel testing. The analysis can then be extended in response to negative findings in the first-line analysis or to search for novel disease-causing genes [21, 42] . In a recent study of 64 young patients diagnosed with SRNS by Landini et al [43] , the exome results were filtered in silico for 298 genes related to chronic kidney disease, including but not limited to SRNS-related genes. They found disease-causing variants in podocytopathy genes typically associated with SRNS and FSGS in 19 patients (30%) as well as pathogenic mutations in phenocopy genes, including COL4A3-5 (Alport syndrome), CLCN5 (Dent disease), PAX2 (renal-coloboma syndrome), and GLA (Fabry disease), in 18 patients who were clinically diagnosed with, and treated for, SRNS. Post hoc thorough 'reverse phenotyping' revealed the presence of distinct extrarenal phenotypes typical of the genetic diagnoses in all patients and/or first-degree relatives [43] . In other words, the combination of a WES-based diagnostic workflow for an extended panel of nephropathy-related genes with reverse phenotyping of patients and their families doubled the diagnostic rate for genetic diagnosis underlying SRNS from 30% to 60% [43] .
Whole-genome sequencing
WGS can provide the complete data set of an individual's genome by sequencing the entire genome. Compared to WES, it has the advantage of potentially improvwww.krcp-ksn.org ing exon, regulatory, and intronic region coverage, and improving the analysis of copy number and structural rearrangements. However, due to the high cost and long analytic period with a substantial amount of data generation, WGS is currently recommended only as a secondline test. A similar approach to that used with WES can also be used with WGS, i.e., analyzing a panel of relevant genes only.
Algorithm for genetic testing
Currently, there are no universal guidelines for the mutation screening of children with SRNS. Clinicians should consider the clinical usefulness, relevance, availability, and cost-effectiveness when they direct genetic testing for pediatric patients with SRNS. Figure 1 shows an algorithm for genetic testing, which is modified from the study by Xue et al [35] .
Conclusions
SRNS is a genetically and phenotypically heterogeneous disorder, and more than 60 monogenic causes of SRNS have been identified. At least 30% of childhood-onset SRNS cases are caused by a genetic mutation. Currently used genetic testing methods for SRNS include Sanger sequencing, panel gene testing, WES, and WGS, each of which has advantages and disadvantages. At present, clinical phenotyping combined with targeted NGS panel analysis is the most cost-effective and clinically useful approach for the mutational screening of SRNS [21] and should be used whenever accessible and affordable. However, decisions should be made based on the specific patient and medical center. Most importantly, even in the era of genomics, precise and thorough phenotyping by clinicians remains essential for an accurate genetic diagnosis, including selection of the appropriate genetic testing method and interpretation of results [42] .
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